Trimethylguanosine synthase from Giardia lamblia (GlaTgs2) naturally catalyzes methyl transfer from S-adenosyl-L-methionine (AdoMet) to the exocyclic N 2 atom of the 5'-cap-a hallmark of eukaryotic mRNAs. The wild-type enzyme shows substrate promiscuity and can also use the AdoMet-analog AdoPropen for allyl transfer. Here we report on engineering GlaTgs2 to enhance the activity on AdoPropen. A mutational analysis, involving an alanine scan of 10 residues located around the active site, was performed. Positions V34 and S38 were identified as mutational hot spots and analyzed in greater detail by testing NNK libraries. Kinetic analysis and thermostability measurements revealed V34A as the best variant of GlaTgs2, with a ∼10-fold improved specificity for AdoPropen. Double mutants did not yield additional improvements due to low catalytic efficiencies and thermal destabilization. Homologous Tgs enzymes from Homo sapiens and G. intestinalis were also investigated regarding their catalytic activity on AdoPropen. While neither the human wild-type (WT) enzyme nor any of its variants showed activity on AdoPropen, the homologue from G. intestinalis (GinTgs) was remarkably active on AdoPropen. Introducing the best substitution at the homologous position led to variant T34A with ∼40-fold higher specificity for AdoPropen than the original GlaTgs2 WT.
Introduction
Trimethylguanosine synthases (Tgs) catalyze the transfer of a methyl group from S-adenosyl-L-methionine (AdoMet or SAM) to the exocyclic N 2 atom of the 5′-cap typical of eukaryotic mRNAs . These hypermethylated 2,2,7-trimethylguanosine (TMG) caps are characteristic for small nuclear (sn), nucleolar (sno), and telomerase RNA and for nematode mRNAs (Hausmann et al., 2007) . Hypermethylation of the 7-methylguanosine of UsnRNAs leads to their enrichment in nuclear foci, their colocalization with coilin, and the formation of canonical Cajal bodies (Lemm et al., 2006) . The enzyme responsible for hypermethylation of the UsnRNA m 7 G-cap in Saccharomyces cerevisiae was first identified in 2002 and named Tgs1 in accordance with its function . Since then, Tgs enzymes from Homo sapiens (hTgs1) (Hausmann et al., 2008) , the protozoan parasite Giardia lamblia (GlaTgs2) (Hausmann and Shuman, 2005) , Schizosaccharomyces pombe (SpoTgs1) (Hausmann et al., 2007) , Drosophila melanogaster (Komonyi et al., 2005) and Trypanosoma brucei (Mittra et al., 2008) had been identified and examined regarding their biochemical properties as well as their interaction with UsnRNPs or snoRNPs (small nuclear or nucleolar ribonucleoprotein particles). In 2009, the first example of a viral cap-specific guanine-N 2 methyltransferase encoded by mimivirus (MimiTgs) was identified (Benarroch et al., 2009) . The size of Tgs enzymes varies significantly-from 239 residues in S.pombe to 853 residues in mammalian cells (Hausmann et al., 2007; Monecke et al., 2009) . The cellular localization of these cap modifying enzymes also differs, depending on the organism. Yeast Tgs1 (yTgs) was shown to act only in the nucleus , whereas hTgs1 is distributed diffusely in the cytoplasm methylating spliceosomal UsnRNAs and in nuclear foci, where it is concentrated in Cajal bodies to hypermethylate snoRNAs Mouaikel et al., 2003) .
Although all of the recombinant Tgs enzymes studied to date recognize simple m 7 G-cap nucleotides or dinucleotides, such as m 7 GTP, m 7 GDP or m 7 GpppN (Hausmann et al., 2008) , the number of transferred methyl groups varies between Tgs enzymes from different organisms (Benarroch et al., 2010) . SpoTgs1 and hTgs1 generate TMG caps in S.pombe and human cells (Hausmann et al., 2007 (Hausmann et al., , 2008 . In contrast, the GlaTgs2 and MimiTgs enzymes were unable to perform the second methylation step, thus yielding 2,7-dimethylguanosine (DMG) derivatives ( Fig. 1A ) (Hausmann and Shuman, 2005; Benarroch et al., 2009 ). In the case of GlaTgs2, a paralog Tgs-like protein exists, whose function remains unclear. It was hypothesized that only the sequential action of GlaTgs1 and GlaTgs2 leads to formation of 2,2,7-trimethylguanosine caps in G.lamblia (Hausmann et al., 2005b) .
Although enzymes have traditionally been regarded as highly specific for a single substrate, it is now widely appreciated that various enzymes show promiscuous activities that can often be improved by directed evolution or rational approaches (Turner, 2003; Reetz, 2004; Wang et al., 2011) . Within the family of AdoMet-dependent methyltransferases several wild-type (WT) and engineered enzymes were shown to exhibit side activities on analogs of the native methyl donor AdoMet. Taking advantage of these findings, DNA, RNA and protein methyltransferases have proved useful to site-specifically transfer reactive handles to the biomolecule of interest (Dalhoff et al., 2006a,b; Lukinavicius et al., 2007; Peters et al., 2010; Binda et al., 2011; Motorin et al., 2011; Wang et al., 2011; Tomkuviene et al., 2012) . In the field of RNAs, tRNA methyltransferase Trm1 was used to site-specifically introduce an extended alkynyl moiety to a guanosine residue in tRNA Phe followed by fluorescent labeling using the Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC) (Motorin et al., 2011) . Moreover, a box C/D small ribonucleoprotein RNA 2′-O-methyltransferase (C/D RNP) could be reconstituted. This RNP modified model tRNA and in vitro produced pre-mRNA sequence-specifically at targeted positions with a 2-propynyl group, which was further converted in a CuAAC (Tomkuviene et al., 2012) .
We recently established a chemo-enzymatic approach for enzymatic transfer of a reactive handle to the mRNA 5′-cap and further derivatization using click reactions (Schulz et al., 2013) . A promiscuous GlaTgs2 variant was successfully used to install alkene, alkyne, azido or 4-vinylbenzyl groups on the mRNA cap, which were then labeled with fluorophores or biotin using CuAAC, thiol-ene click reaction, strain-promoted azide-alkyne cycloaddition (SPAAC), tetrazine ligation or photoclick reaction (PC) (Schulz et al., 2013; Holstein et al., 2014 Holstein et al., , 2015 . In the long run, labeling of eukaryotic mRNAs in living cells in combination with modern sensitive live cell imaging techniques could open up new possibilities for investigation of transport mechanisms, dynamics, but also misregulation of these mRNAs. To achieve this, it will be imperative to engineer variants with improved cosubstrate specificity on the non-natural AdoMet analogs. This is particularly important for future applications in cellular systems that naturally contain high concentrations of AdoMet. The aim of this work was therefore to find Tgs enzymes with higher activity on AdoPropen and at the same time reduced activity on the native cosubstrate. Here, we present the protein engineering of GlaTgs2 using structure-guided mutations, saturation mutagenesis at selected sites, and recombination of beneficial mutations. The kinetic parameters of promising variants as well as Tgs homologues from H.sapiens and G. intestinalis for AdoPropen revealed a ∼10-fold specificity improvement of GlaTgs2 variant V34A and a ∼40-fold specificity improvement of a GinTgs variant T34A compared with GlaTgs2 WT.
Materials and methods

Materials
The cap analog m 7 GpppA was purchased from NEB. The reagents 
Synthesis and characterization of
AdoPropen 2 was synthesized according to Dalhoff et al. (2006a) . The AdoMet analog was purified by reversed-phase HPLC using a Nucleodur ® C 18 Pyramid column (5 µm, 125 × 10 mm). Elution was performed at a flow rate of 5 ml/min using a gradient of acetonitrile containing 0.01% (v/v) TFA from 0 to 7% (v/v) within 15 min, using water with 0.01% (v/v) TFA as eluent A. Concentration was determined by UV absorption with ε 260 = 15 400 l mol −1 cm −1 (Dalhoff et al., 2006a) . It should be noted that the synthetic cosubstrate (2) is a ∼50/50 mixture of the two diastereomers formed at the sulfur atom and that only one of these diastereomers can be converted by the enzyme. The indicated concentrations and the resulting kinetic constants refer to the concentrations of the diastereomeric mixture.
Recombinant production and purification of GlaTgs2 and GinTgs
Recombinant GlaTgs2 was produced and purified as previously described (Schulz and Rentmeister, 2012; Schulz et al., 2013; Holstein et al., 2014) . Briefly, E.coli Tuner (DE3)/pLacI cells were transformed with pRSET-A-GlaTgs2 for recombinant production of the enzyme. Cells were grown in 5 ml 2YT medium supplemented with ampicillin (100 µg/ml) and glucose (7.3 g/l) overnight at 37°C. For protein production, 2YT medium, supplemented as described above, was inoculated (v/v) with 2.5% (v/v) overnight culture and cells were allowed to grow for 4 h at 37°C at constant shaking. After cooling to room temperature, recombinant production was induced with 0.32 mM IPTG and 2% (v/v) ethanol and performed for 20 h at 17°C. Cells were harvested by centrifugation and stored at −20°C.
For purification, cells were resuspended in lysis buffer (50 mM Tris-HCl, 200 mM NaCl, 10% glycerol (v/v), pH 8), 300 µM PMSF (dissolved in 2-propanol) was added and the cells were sonicated. The his-tagged enzyme was purified by affinity chromatography using a HisTrap™ FF 1 ml column and eluted with a gradient up to 500 mM imidazole in lysis buffer. Fractions containing the enzyme were pooled and concentrated in storage buffer (50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 10% glycerol (v/v), pH 8) using Amicon ® Ultra-15 centrifugal filter units (regenerated cellulose, MWCO 10 000). Aliquots were stored at −80°C.
The gene coding for GinTgs was purchased from GeneArt with codon optimization for recombinant production in E.coli. Expression and purification were performed according to the protocol established for GlaTgs2.
For screening of NNK libraries, single colonies were used for protein production in a culture volume of 40 ml. Cells were harvested by centrifugation, stored at −20°C and lysed by sonication. The supernatant was purified via Protino ® 96 Ni-NTA (bed volume of 100 µl).
Recombinant production and purification of MTAN, LuxS and hTgs1
Recombinant MTAN, LuxS and hTgs1 were produced and purified as previously described (Schulz and Rentmeister, 2012; Schulz et al., 2013; Holstein et al., 2014) .
Generation of GlaTgs2, hTgs1 and GinTgs variants
Mutations were introduced by Splicing by Overlap Extension (SOE)-PCR (see Supplementary Table SIII for used oligonucleotides) and ligated into the expression vector pRSET-A via BamHI and XhoI restriction sites. An NNK-library resulting in substitutions at position V34 of GlaTgs2 was also generated by SOE-PCR.
Synthesis of P 1 -adenosine
triphosphate for total turnover numbers (TTN) determination
The cap analog m 7 GpppA (1 mM) was incubated with AdoMet 1 or AdoPropen 2 (both 1.5 mM) and enzyme (ca. 200 nM or 8 µM) in the presence of 4 µM MTAN and 3 µM LuxS in reaction (50 mM TrisHCl, 100 mM MgCl 2 , 100 mM NH 4 OAc, pH 8.4) or 100 mM HEPES buffer at 37°C for 3 h. Bioconversions were stopped by precipitating the protein with 1/10 volume 1 M HClO 4 and analyzed by reversed-phase HPLC on an analytical Nucleodur ® C 18 Pyramid column as previously described (Schulz and Rentmeister, 2012; Schulz et al., 2013; Holstein et al., 2014) .
TTN measurements
Total turnover numbers (TTN, moles of formed product per mole of used enzyme) were determined in HPLC-based assays. A high TTN could be reached under optimal reaction conditions by guaranteeing substrate saturation during the whole reaction period. In all experiments, identical enzyme concentrations were used and substrate consumption was limited to 10%.
Measurements of K m , k cat and k cat /K m Enzymatic conversion of m 7 GpppA (1 mM) with AdoPropen 2 or AdoMet (50-1000 µM) by GlaTgs2 or its variants (8 µM) was performed in the presence of 4 µM MTAN and 3 µM LuxS in reaction buffer at 37°C. To determine initial velocities, transfer reactions were stopped immediately (t 0 ), after 15 (t 15 ) and 30 (t 30 ) min for AdoPropen or immediately (t 0 ), after 1 (t 1 ) and 3 (t 3 ) min for AdoMet, respectively. Samples were analyzed by reversed-phase HPLC as described above. Enzyme concentrations were determined in-gel using BSA standards and employed for k cat calculations (active site concentrations were not experimentally determined). Therefore, partial enzyme inactivation cannot be ruled out. Catalytic efficiencies (k cat /K m ) were determined by dividing the average k cat and K m values determined from two independent sets of experiments (separate cultures, separate purifications) and errors were calculated using propagation of uncertainty. In all experiments, identical enzyme concentrations were used and substrate consumption was limited to 10%.
Melting temperature measurements
Melting temperatures (T m ) were determined by monitoring thermal unfolding of the enzymes using the fluorescent protein-binding dye SYPRO ® Orange. T m can be defined as the temperature at which half of the protein is unfolded (Niesen et al., 2007) . Enzymes were used at a final concentration of 0.2 µg/µl. SYPRO ® Orange was used as 4 × stock (Purchased as 5000 × stock). Samples were prepared in 96-well plates and fluorescence was recorded on a CFX96 Touch™ real-time PCR detection system (Bio-Rad) using the FRET channel. Data were collected at 1°C intervals from 25 to 95°C. The inflection points representing T m values were calculated using the Boltzmann equation in Origin 9.1.
Results
Alanine scan within the active site of GlaTgs2
We recently reported a low promiscuous activity of GlaTgs2 on the AdoMet analog AdoPropen 2 (Fig. 1A) , resulting in transfer of an allyl group to the N 2 atom of the 5′-cap suitable for further derivatization by different types of click chemistry (Schulz et al., 2013) . We had also reported the serendipitous discovery of variant V34A with increased activity on AdoPropen and additional activity on other AdoMet analogs with more sterically demanding side-chains (Schulz et al., 2013) . To date, we have used this variant to transfer alkenes, alkynes, azido and 4-vinylbenzyl functions from the respective AdoMet analogs and further convert the resulting N 2 -modified cap by different types of click chemistry (Schulz et al., 2013; Holstein et al., 2014 Holstein et al., , 2015 . We now wanted to get a more detailed understanding of cosubstrate specificity and to find Tgs variants that are more efficient at transferring propenyl-or even more bulky groups. Since we eventually aim at application of engineered Tgs variants in cells, where the natural AdoMet concentration is in the micromolar range (German et al., 1983) , the activity of variants on the natural cosubstrate AdoMet should be reduced at the same time.
To address this question systematically, we created a homology model based on the structure of the human Tgs1 enzyme ( pdb 3GDH) (Monecke et al., 2009 ) using SWISS Model (Bordoli et al., 2009) , because a crystal structure for GlaTgs2 is not available (Supplementary Fig. S1 ). Although the sequence identity of hTgs1 and GlaTgs2 is only 31%, the resulting model looks satisfactory. The active site harboring the AdoMet and the m 7 GTP-binding sites are conserved, which also becomes evident from the sequence alignment ( Supplementary Fig. S2 ). Insertions and deletions are mainly located on the protein surface. Thus, the homology model is likely to represent the active site of GlaTgs2 reasonably well. Making more room in the active site by substituting amino acids for alanine should favor accommodation of sterically more demanding AdoMet analogs. Similar approaches were successful for other methyltransferases (Islam et al., 2011; Wang et al., 2011) . To identify amino acids suitable for substitution by alanine, we considered residues within 8 Å of the sulfur atom of the coproduct S-adenosyl-L-homocysteine (SAH, Fig. 1B . In fact, residues D68, E91, and W143 are highly conserved and essential for Tgs2 methyltransferase activity in vitro (Hausmann et al., 2007) . W143 supposedly forms π-stacking interactions with the m 7 G methyl acceptor (Chang et al., 2010) . These amino acids were not taken into account for substitutions.
The 10 amino acids shown in Figure 1B and C were substituted for alanines and the respective variants were expressed in E.coli and purified. Conversions of the natural cosubstrate AdoMet (1) or the synthetic analog AdoPropen (2) under defined saturation conditions were measured using the cap analog m other cap binding or modifying proteins. Bioconversions were conducted in the presence of the enzymes MTAN and LuxS to decompose the coproduct SAH and thus eliminate product inhibition. Total turnover numbers (TTN, moles of formed product per mole of used enzyme) were determined over 3 h (Fig. 1C) in HPLC-based assays using the same concentration of the respective enzyme and ensuring substrate consumption of <10% (Copeland, 2000) . Out of the 10 GlaTgs2 variants tested, 6 were inactive on both cosubstrates (T70A, C72A, D76A, V88A, D140A and K183A) (Fig. 1C) . Two variants, namely R92A and P142A, retained 30 and 50% activity on 1, but were inactive on 2 (Fig. 1C) . Two other variants, namely V34A and S38A, showed increased activity on 1. The variant V34A even showed increased activity on 2 compared with WT (TTN = 9 ± 1 vs 6 ± 1, Supplementary Table SI) . However, in all cases the absolute activity on 2 was much lower than on 1 (Fig. 1C shows only relative activities for comparison).
To better understand what leads to increased TTNs, we determined the kinetic constants and the thermostabilities of the improved variants V34A and S38A (Table I and Supplementary Fig. S3A ). In allyl transfer reactions, both variants exhibited lower K m values for the synthetic cosubstrate 2 than the WT enzyme (K m = 26 ± 3 µM for S38A compared to 127 ± 2 µM for WT), indicating an increase in substrate affinity for 2. The substrate affinity of S38A for 2 was almost 5-fold higher than for WT. V34A showed a 2-fold increased affinity (69 ± 8 µM). The k cat and k cat /K m values for 2 were increased relative to WT for both, V34A and S38A, meaning that both variants are more efficient at allyl transfer than WT. Importantly, the concentrations of 2 refer to a diastereomeric mixture, which contains ∼50% of the diastereomere that cannot be converted by the enzymes (Binda et al., 2011) . The K m value for the pure diastereomere can be expected to be 50% lower (Wang et al., 2011) .
Measuring the melting temperatures (T m , Fig. 2D and Supplementary Fig. S4A ) suggested that V34A is slightly more thermostable than WT (T m = 39.6 ± 0.8 vs 38.3 ± 0.9°C for WT), which is in good agreement with our previously reported T 15 50 measurements (Schulz et al., 2013) . Substitution S38A did not affect thermostability (T m = 38.5 ± 0.1°C), which could explain why the TTN for 2 is lower for S38A than for V34A although the catalytic efficiency is higher (TTNs are measured after 3 h reaction time at 37°C).
Testing additional substitutions at position V34 and S38
Building on the encouraging results for V34A, we decided to create an NNK-library at this potential mutational hot spot and look for the optimal amino acid (for allyl transfer) at this position. Using NNK codon degeneracy, the complete set of standard amino acids is encoded, but the appearance of only 32 codons reduces the screening effort (Reetz et al., 2008) . From the NNK library at position V34, we tested 46 variants for activity on 2, corresponding to 1.4-fold oversampling and 76% coverage (Reetz et al., 2008) . Mutants coding for highly active variants were sequenced, and three new variants with interesting properties were identified: V34G, V34I and V34M. Kinetic analysis of these variants revealed that V34I and V34M show 2-fold higher affinity for 2 than WT (K m = 51 ± 2 and 59 ± 12 µM, respectively, compared with 127 ± 2 µM for WT) and were slightly improved compared with V34A (69 ± 8 µM). The K m of V34G, however, did not differ significantly from WT (126 ± 12 µM) (Fig. 2, Supplementary Fig. S3 and Table SII) .
For V34G and V34M determined k cat values are slightly higher compared with the native enzyme (0.17 ± 0.01 and 0.20 ± 0.20 vs 0.11 ± 0.11 min −1 ), and comparable with the calculated value for V34A (0.19 ± 0.11 min −1 ), although it is not clear, whether these differences are significant. The k cat of V34I (0.08 ± 0.06 min −1 ) is not improved. V34M exhibited an increased catalytic efficiency for 2, albeit with a high error [(3.4 ± 4) × 10 3 (µM min) −1 ] but low thermostability (37.7 ± 0.6°C). This may explain why the TTN (3 ± 1) does not reflect this seemingly higher catalytic efficiency for 2. The melting temperatures revealed that the substitutions V34G and V34I were also destabilizing. Therefore, of all V34 variants tested, V34A showed the highest TTN on 2, although the kinetic properties of other variants appear to be better. Besides position V34, position S38 had shown promising effects in the initial alanine scan. We therefore wanted to test additional amino acids at this position. We hypothesized that S38G should make more room at position S38 and thus increase the activity on 2 compared with variant S38A. Compared with WT, the variant S38G showed also an improved K m value for 2 (32 ± 5 vs 127 ± 2 µM) and higher catalytic efficiency [(2.8 ± 2.6) × 10 3 (µM min) −1 vs (0.9 ± 0.1) × 10 3 (µM min) −1 ]. Compared with S38A, however, the kinetic constants were not improved and S38G showed the lowest melting temperature of all active GlaTgs2 variants tested so far (36.0 ± 0.4°C).
Recombination of mutations does not lead to further improvements
With the aim to further increase activity on 2, we chose our best variant, V34A, as parent for a second set of mutations. Since V34A is not only more active than WT on 2, but also shows good thermostability, it should tolerate the potential destabilizing effect of additional mutations (Bloom et al., 2006) . The additional alanines were introduced at positions that had already been chosen for the first alanine scan. Moreover, we generated a V34A/S38G double variant, combining two beneficial substitutions. In total, we investigated seven double variants regarding their TTN values on 1 and 2 ( Supplementary Fig. S5 and Table SI ). Four of them showed no detectable activity on either of the cosubstrates (V34A/ T70A, V34A/C72A, V34A/D76A and V34A/V88A). The remaining three, namely V34A/S38A, V34A/S38G and V34A/R92A, retained 25-60% activity on 1. However, none of them showed TTN improvements on 2 compared with the parent V34A (V34A/S38G, V34A/ R92A, V34A/S38A had TTN values on 2 of 2 ± 1, 5 ± 1, and 8 ± 3, respectively, compared with 9 ± 1 for V34A). Consistent with the TTN data, the kinetic analysis of these three double variants did not show improvements compared with V34A either (Fig. 2 and Supplementary  Table SII) . Consequently, the catalytic efficiencies of the double variants for 2 are also lower than for their parent V34A and rather in the range of the WT ((0.8 ± 0.3) × 10 3 (µM min) −1 for V34A/S38A, (0.7 ± 0.7) × 10 3 (µM min) −1 for V34A/S38G and (0.8 ± 0.2) × 10 3 (µM min) −1 for V34A/R92A vs (0.9 ± 0.1) × 10 3 (µM min) −1 for the WT). The melting temperatures of the three active double variants ranged from 37.8 ± 0.6°C for V34A/R92A to 38.0 ± 0.6°C for V34A/ S38G, suggesting that the additional substitutions were destabilizing (T m of 39.6 ± 0.8°C for V34A). In summary, the additional mutations did not lead to V34A-based double variants with improved kinetic properties on 2, nor to a higher thermostability.
Promiscuous activity and site-directed mutagenesis of homologous Tgs enzymes
To obtain enzymes with higher specificity for the non-natural cosubstrate 2, we also investigated Tgs enzymes from other organisms. One obvious choice was Tgs1 from H.sapiens (hTgs1), because it is well characterized and has been crystallized (Monecke et al., 2009) . Furthermore, we chose to characterize a putative Tgs identified in a BLAST search (Altschul et al., 1990) . This Tgs homologue (GL50581_2635) from G. intestinalis ATCC 50581 (GinTgs) shows 85% sequence identity to GlaTgs2 and 26% sequence identity to hTgs1 (on the amino acid level). Interestingly, G. lamblia and G. intestinalis are different names for the same organism, meaning that GlaTgs2 and GinTgs can be considered isoforms.
In the case of hTgs1, the previously crystallized C-terminal domain (residues 653-853) harboring the methyltransferase activity was used for kinetic studies. This enzyme generates 2,2,7-trimethylguanosine caps, whereas GlaTgs2 is only able to produce 2,7-dimethylguanosine caps. Activity of the putative Tgs from G. intestinalis has not been reported to the best of our knowledge, but based on the high sequence identity with GlaTgs2 we anticipate that these two homologues will have similar properties. 
WT 127 ± 2 0.11 ± 0.11 0.9 ± 0.1 38.3 ± 0.9 V34A 69 ± 8 0.19 ± 0.11 2.8 ± 1.9 39.6 ± 0.8 S38A 26 ± 3 0.12 ± 0.01 4.6 ± 0.9 38.5 ± 0.1
Arithmetical mean values from two independent experiments of two protein preparations were employed for activity calculations.
We first assessed the activity and kinetic parameters of GinTgs on both AdoMet 1 and AdoPropen 2. GinTgs was active on 1, but the TTN numbers were lower compared with GlaTgs2 (124 ± 37 vs 585 ± 417 for GlaTgs2). Interestingly, the TTN on 2, however, was significantly higher for GinTgs (20 ± 3 vs 6 ± 1 for GlaTgs2), suggesting a less pronounced specificity for the natural AdoMet cosubstrate. Our kinetic analyses revealed that the K m value of GinTgs for 2 was significantly lower than for GlaTgs2 WT and in the range of the best GlaTgs2 variants in this regard (38 ± 4 µM compared with 26 ± 3 µM for S38A or 32 ± 5 µM for S38G, respectively). Since the k cat of GinTgs WT on 2 was also comparatively high (higher than GlaTgs2 WT and in the range of GlaTgs2 V34A) (0.22 ± 0.03 vs 0.19 ± 0.11 min −1 for V34A), the resulting catalytic efficiency of GinTgs WT for 2 was better than any of the other WT enzymes or GlaTgs2 variants tested ((5.8 ± 1.4) × 10 3 (µM min)
). The melting temperatures indicate that GinTgs WT is slightly less stable than GlaTgs2 WT (37.7 ± 1.6 vs 38.3 ± 0.9°C for GlaTgs2 WT). Taken together, these results qualify GinTgs WT as promising candidate for protein engineering to further increase the specificity for 2.
The amino acid sequences of GinTgs and GlaTgs2 align very well (Supplementary Figs S6 and S7), whereas hTgs1 exhibits short stretches of insertions and deletions ( Supplementary Fig. S2 ). The position V34 of GlaTgs2 is aligned to T34 in GinTgs and E667 in hTgs1. Since we had identified alanine at position 34 as optimal amino acid for allyl transfer of GlaTgs2, we tested alanine variants at the respective positions for both hTgs1 and GinTgs.
The variant E667A of hTgs1 showed decreased activity on 1 compared with the WT (TTN value 80 ± 28 vs 260 ± 170 for hTgs1 WT) and no activity on 2. We were pleased to find that GinTgs T34A mostly retained the high TTN for 2 (16 ± 5 vs 20 ± 3 for GinTgs WT) while showing a significantly decreased activity on 1 (566 ± 170 vs 124 ± 37 for GinTgs WT). The K m value of GinTgs T34A for 2 was lower than for GinTgs WT (25 ± 4 µM compared with 38 ± 4 µM for GinTgs WT) and thus the best K m value for 2 of all our tested variants. Since the k cat of GinTgs T34A on 2 was also slightly increased (0.27 ± 0.08 vs 0.22 ± 0.03 min −1 for GinTgs WT), the resulting catalytic efficiency of GinTgs T34A for 2 was also higher than any of the other WT enzymes or variants tested [(11 ± 5) × 10 3 (µM min)
]. To quantify the specificity switch of different variants and homologues compared with our starting point GlaTgs2 WT, we calculated and compared k cat /K m values for cosubstrates 1 and 2, respectively, for the most important variants. GlaTgs2 V34A shows a ∼10-fold improved specificity for 2 compared with the WT (3.8% compared with 0.5% for the WT). Similarly, GinTgs WT also shows ∼10 times higher specificity for 2 (6.0% compared with 0.5% for the WT). The highest specificity for 2 was obtained by introducing T34A into GinTgs, leading to a ∼40-fold improvement in specificity for 2 compared with GlaTgs2 WT. However, the improvements in specificity are only approximations because the errors of the k cat /K m values for 1 are large. It should also be noted that T34A is destabilizing (T m = 36.0 ± 0.8 vs 37.7 ± 1.6°C for GinTgs WT), resulting in lower TTN values compared with GinTgs WT (Fig. 3) .
Conclusion
In conclusion, we engineered GlaTgs2 for improved activity in allyl transfer to the RNA 5′-cap using the synthetic cosubstrate AdoPropen (2). In the initial alanine scan within the active site, we identified positions V34 and S38 as hotspots. Variants V34A and S38A showed higher affinity for AdoPropen. GlaTgs2 V34A was the most active variant on 2 (reflected in its TTN). Compared with the native enzyme, its affinity and its k cat value for 2 were ∼2-fold increased, resulting in a 3-fold increase in catalytic efficiency. The specificity of V34A for 2 was ∼10 times higher than in the case of the WT. Importantly, the thermostability was not compromised by the substitution V34A, but rather increased (from 38.3 to 39.6°C). A second round of mutations based on V34A as parent, however, did not lead to further improvements.
Investigations on Tgs enzymes from H.sapiens and G. intestinalis regarding their catalytic activity on 2 revealed that GinTgs provides a promising candidate for protein engineering, whereas substrate promiscuity and evolvability of hTgs1 seem to be restricted. Neither hTgs1 WT nor the generated E667A variant showed detectable activity on 2.
GinTgs and its variant T34A, however, showed almost 2-fold increased TTN values with 2 compared with GlaTgs2 V34A. Kinetic analysis of GinTgs WT and T34A revealed higher affinity and slightly improved k cat values, resulting in 2-to 4-fold higher catalytic efficiencies compared with GlaTgs2 V34A. The newly characterized GinTgs WT showed directly a ∼10-fold higher specificity for 2 than GlaTgs2 WT. Introducing substitution T34A in GinTgs further improved the specificity to 18%, resulting in a ∼40-fold specificity switch compared with our starting enzyme GlaTgs2 WT. GinTgs T34A is thus currently the Tgs enzyme with the highest specificity for the synthetic cosubstrate 2. 
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